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Summary and concluding remarks 
 
 
 
Introduction 
 
 Cellular structures of all living organisms 
consist of one or more compartments that 
separate and protect their contents from the 
surrounding environment. These compartments 
are typically enclosed by a semi-permeable lipid 
membrane that contains membrane proteins that 
facilitate traffic between the in- and outside of 
the compartment. Compartments contain unique 
sets of proteins that define specific functions. 
The localization of these proteins is mediated by 
membrane embedded protein-conducting 
channels and translocation machineries. 
 The major protein-conducting channel in the 
cytoplasmic membrane of eubacteria is formed 
by so-called "Sec" proteins. It is well conserved 
in all kingdoms of life, and homologous 
systems exist in archaea and in the endoplasmic 
and thylakoid membrane of eukaryotes. A 
review on the structure and function of this 
protein-conducting channel is presented in 
chapter 1. In bacteria, this channel is the 
membrane integral component of the 
translocase that, together with the peripherally 
associated SecA protein [3], mediates the 
translocation of precursor proteins into or across 
the cytosolic membrane. SecA is an ATPase 
that functions as the molecular motor that drives 
the protein translocation reaction [86,87]. The 
channel itself consists of three integral 
membrane subunits that are termed SecY, SecE 
and SecG [28,139]. Together, they form a stable 
heterotrimeric SecYEG complex. Insight in the 
structure and dynamics of the protein-
conducting channel is essential to understand 
the intimate features of the protein translocation 
mechanism. For this reason, we have studied the 
interaction between the subunits of the protein-
conducting channel from the bacterium 
Escherichia coli as presented in this thesis. 
 
 

Interactions between SecY and SecE 
 
 SecY and SecE constitute the two essential 
subunits of the protein-conducting channel. The 
third component, SecG is not essential but it 
accelerates the rate of translocation [31] by a 
mechanism that is still unclear. In chapters 2-4, 
we have probed for interactions between several 
transmembrane segments (TMSs) of SecY and 
SecE. TMS2, TMS7 and TMS10 of SecY were 
selected on the basis of a set of observations 
from genetic studies. For instance, these TMSs 
harbor many of the residues that are 
evolutionary conserved. Furthermore, a large 
number of the so-called prlA mutations, that 
allow the translocation of precursor proteins 
with a defective signal sequence, are clustered 
in or proximal to these domains. Finally, 
specific combinations of secY and secE prl 
mutations are lethal, which was taken as 
evidence that these positions interact in the 
SecYEG complex [122]. TMS3 of SecE was 
selected because of this observation of synthetic 
lethality. Moreover, TMS3 of SecE is the only 
essential membrane domain in the E. coli SecE 
[60]. In many bacteria, the SecE protein only 
contains a single TMS.  
 Protein-protein interactions were probed by 
means of a cysteine scanning mutagenesis 
approach. In this technique, sites of interaction 
can be observed on SDS-PAGE as cross-linked 
proteins due to disulfide bond formation 
between the neighboring cysteine residues as 
induced by oxidizing conditions.  In our studies, 
the two endogenous cysteine residues in SecY 
were substituted by serine residues yielding a 
cysteine-less SecYEG variant. The cys-less 
SecYEG was used as a template to introduce 
unique cysteines in stretches of amino acyl 
residues in the indicated transmembrane 
domains. The cys-less and single cysteine 
mutants of SecYEG were tested for an altered 
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Table I. Cysteine directed cross-links between transmembrane segments of SecY and SecE that were identified in 
this thesis 

Interactions SecY cysteine mutation SecE cysteine mutation 
SecY-SecE   

TMS2 of SecY - TMS3 of SecE: F78C - L108 
 A79C - L108 
 I82C - S105 
    
TMS7 of SecY - TMS3 of SecE: P276C - V97C 
 A280C - V100C 
 A280C - T101C 
    
TMS10 of SecY - TMS3 of SecE: V409C - T101C 
 V410C - V97C 
 I413C - V100C 
 I413C - V97C 

SecE-SecE   
TMS3 of SecE - TMS3 of SecE:  A99C 
  L106C 
  G110C 

 
 
phenotype that may have arisen from their 
mutations. All mutants show protein 
translocation activity similar to wild-type 
SecYEG with the exception of SecY(I278C)EG 
that was found to exhibit a prlA phenotype 
[173]. SecY and SecE cysteine mutations were 
combined and in total 129 combinations (25 that 
included TMS2, 48 for TMS7 and 56 for 
TMS10 of SecY) were constructed. Inner 
membrane vesicles (IMVs) harboring 
overproduced SecYEG double cysteine mutants 
were isolated and oxidized with the reagent 
Cu2+(phenantroline)3. Samples were 
subsequently subjected to SDS-PAGE, Western 
blotting and immunodetection. Combinations 
that yielded SecY-SecE cross-links were 
observed as a 50 kDa band that could be 
immunostained with SecY as well as with SecE 
antibodies. In this way, multiple sites of 
interaction were identified for each of TMS2 
(chapter 2), TMS7 (chapter 3) and TMS10 
(chapter 4) of SecY with TMS3 of SecE (table 
1). The periodicity of the cross-links is in close 
agreement with an α-helical structure of the 
membrane domains of SecY and SecE, and 
supports the view of specific contact interfaces 
at the investigated helices. 
 
 

Interactions within a SecE dimer 
 
 The cysteine scanning mutagenesis also 
revealed multiple sites of interaction between 
two neighboring SecE molecules (table 1). In 
chapter 2, the oxidation of IMVs harboring 
SecYEG with SecE(L106C) induced the 
appearance of a 28 kDa band on the 
immunoblot that stains with the antibody 
against SecE. Immunoblotting of 
proteoliposomes, in which purified 
SecYE(L106C)G was reconstituted, confirmed 
that this band represents a cross-linked SecE-
SecE product. In chapter 3, two additional 
SecE cysteine mutants were found to yield a 
cross-linked SecE-SecE product: SecE(A99C) 
and SecE(G110C), albeit the efficiency of 
cross-linking was found to be lower than for 
SecE(L106C). These three sites of interaction 
within the SecE dimer also exhibit a periodicity 
that is consistent with an α-helical structure of 
TMS3 of SecE. 
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Modeling the core of the SecYEG complex 
 
 The identified sites of interaction provided 
ample data to map them into a 3-dimensional 
model showing the arrangement of the analyzed 
TMSs of SecY and SecE. The model likely 
represents a core element of the protein-
conducting channel because on the significance 
of the indicated membrane domains for the 
functionality of the channel. In chapter 4, such 
a model was built using α-helical fragments to 
represent the TMSs. The 3-dimensional model 
is consistent with the notion that one side of 
TMS3 of SecE participates in the dimer 
interface between two neighboring SecE 
subunits while the opposite side interacts with 
TMS2, TMS7 and TMS10 of SecY. Due to the 
overlap in contact interface between TMS7 and 
TMS10 of SecY on one side and TMS3 of SecE 
on the other side, the latter has to be modeled as 
a strongly tilted helix relative to SecY to 
accommodate all identified sites of contact. 

SecYEG structures from crystallography studies 
confirmed the remarkable tilt for the essential 
TMS of SecE [127,128]. The tilt for TMS3 of 
SecE is mirrored in the dimer interface, 
resulting in a cross-like structure which explains 
the higher cross-linking efficiency for the most 
intimate point of contact: SecE(L106C).  
 Our model seems in agreement in several 
aspects with the crystal structure of the 
homologous SecYEG complex from the 
archaeon Methanococcus jannaschii, the 
Sec61αβγ complex, while in variance with 
other aspects [128]. The crystal structure 
confirms the strong tilt for the essential TMS of 
SecE (Sec61γ) and its close proximity to 
TMS10 of SecY (Sec61α). Also, the peripheral 
location of the TMS of SecE provides the 
possibility of a SecE dimer contact interface 
between neighboring SecYEG complexes. This 
is further supported by the notion that the 
residues, which correspond to the identified 
sites of dimer contact in E. coli SecE, are facing 

Figure 1. Side view of the crystal structure of the Sec61αβγ complex from M. jannaschii. SecY/Sec61α (dark 
grey), SecE/Sec61γ (black) and SecG/Sec61β (light grey) are indicated. The residues that correspond to the sites of 
contact in the E. coli SecE dimer interface are highlighted and indicated. 
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outwards (figure 1). However, TMS2 and TMS7 
of SecY are more distant from the TMS of 
SecE. In particular, with TMS7 of SecY this is 
difficult to understand because of the high 
cross-linking efficiency that was observed 
between the TMS7 of SecY and TMS3 of SecE. 
The cross-links with TMS2 are much weaker, 
which also indicates a more distant location. 
The crystal structure of the Sec61αβγ complex 
provides a snapshot of what is assumed the 
closed state of the channel. Possibly the 
assembly into a multimeric channel, or opening 
up of the presumed hourglass-like channel could 
lead to a conformational rearrangement of the 
helices that brings TMS2 and TMS7 of SecY 
closer to SecE. At any rate, the distribution of 
the cross-links suggests that the SecYEG 
complex is a dynamic structure. 
 
 
On the dynamics of the protein-conducting 
channel 
 
 Cysteine scanning mutagenesis can also be 
applied as a molecular ruler to investigate 
conformational changes within proteins. These 
changes could affect the pattern and intensity of 
the identified cross-links. In chapter 2, we have 
observed an increase in cross-linking efficiency 
for the SecE(L106C) dimer contact under 
conditions that results in a preprotein trapped 
translocase by blocking the SecA deinsertion 
step. This implies a structural change in the 
SecE dimer interface upon preprotein 
translocation. Such an effect on the cross-
linking efficiency under similar translocation 
conditions could not be detected for the 
identified sites of interaction between SecY and 
SecE (chapters 2, 3). This suggests persistence 
of the contacts between SecY and SecE upon 
preprotein translocation. On the other hand, 
flexibility within the protein-conducing channel 
seems essential since the disulfide bonded 
SecY-SecE (chapters 2-4) and SecE-SecE 
(chapter 2) reversibly inactivate the 
translocase. 

 Conformational changes at the SecE dimer 
interface have been further explored in chapter 
5. We have found that the site of interaction in 
the SecE dimer at position Ala-99 is severely 
affected by certain conditions. A loss of SecE 
dimer cross-link was observed for SecE(A99C) 
when IMVs harboring overproduced 
SecYE(A99C)G were incubated with tri-
phosphate nucleotides. This phenomenon is 
specific for the γ-phosphate since di- and mono-
phosphate nucleotides do not exhibit such a 
strong effect and also the nucleosidyl group 
seems exchangeable. Furthermore, a high 
nucleotide concentration is required (about 500 
µM of ATP) to induce the effect and 
experiments conducted to detect ATP 
hydrolysis with the purified SecYEG complex 
were unsuccessful. A similar effect on cross-
linking was observed when SecE(A99C) is 
combined with the PrlA mutant SecY(I278C) 
but not with PrlA4.  The loss of cross-link is 
specific for SecE(A99C) since dimer cross-links 
for SecE(L106C) and SecE(G110C) were not 
affected. This phenomenon suggests the 
opening of the SecE dimer at the cytosolic side 
of the membrane, forming a kind of wig in the 
membrane. Such an opening in the dimer 
interface can be seen also in the projection 
structure from 2-dimensional crystals of the 
SecYEG dimer [127]. We speculate that the 
wig-shaped dimer interface may constitute part 
of the docking site for SecA. Its formation may 
be regulated by cellular ATP. This seems 
consistent with the finding that the 
SecY(I278C)EG complex already exists in a 
similar “conformational” state and that this 
mutant shows an increased SecA binding 
affinity. However, it is unknown what regions 
of the SecYEG complex contribute to 
nucleotide binding as the low affinity of this 
interaction hampered such an analysis. In order 
to evaluate the physiological role of the 
nucleotide binding, this information will be 
needed to allow the construction of mutants that 
no longer bind nucleotides or that bind a 
different nucleotide base. The latter would 
enable studies on the effect of nucleotide 
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binding to SecYEG in a translocation reaction 
that utilizes ATP to activate SecA and to fuel 
translocation.   
 In chapter 3, we have produced a complex 
in which two SecE molecules were cross-linked 
not only to each other, but also to neighboring 
SecY molecules, yielding a SecY2-SecE2 cross-
linked product. This confirms that the SecE 
dimer interface indeed exists in the context of a 
SecYEG complex, thus in oligomers of 
SecYEG containing at least two SecYEG 
molecules. The possibility that oligomerization 
of SecYEG is induced by the overproduction of 
SecYEG in IMVs can be ruled out since SecE 
dimer cross-links are formed also at SecYEG 
levels comparable to that of wild-type. In the 
appendix to chapter 3, we have demonstrated 
SecYEG oligomerization in proteoliposomes by 
means of fluorescence resonance energy 
transfer (FRET) analysis. For this, two SecYEG 
mutants, each harboring a single cysteine that is 
positioned close to both ends of the SecE dimer 
interface, were purified and cysteine-specific 
labeled with two different fluorescent dyes. 
When these two dyes are proximal to each 
other, they function as a donor-acceptor couple 
in which the acceptor can absorb excited-state 
energy from the donor dye leading to reduced 
emission fluorescence for the latter. Labeled 
SecYEG was reconstituted into liposomes and 
energy transfer was observed in fluorescence 
measurements under conditions where the donor 
and acceptor labeled SecYEG are co-localized 
in the same lipid environment. Moreover, 
subunit exchange was observed between 
oligomers of SecYEG. This demonstrated that 
E. coli SecYEG complexes are at least in 
dynamic monomer-dimer equilibrium. A similar 
study has been done on the SecYE complex 
from Thermus thermophilus HB8 that also 
demonstrated oligomerization of SecYE 
complexes by FRET [163]. However, no 
exchange between subunits was observed. The 
heterologous combination of T. thermophilus 
SecYE reconstituted into liposomes that consist 
of E. coli lipids and the much lower-than-
physiological temperature in the FRET analysis 
may alter the dynamics of the SecYE complex, 

thus resulting in the apparent lack of subunit 
exchange. 
 The oligomerization of SecYEG complexes 
is not only supported by our data (chapters 2, 
3) but by many other studies as well (see 
chapter 1). However, the crystals of the M. 
jannaschii Sec61αβγ complex revealed only 
monomeric structures [128]. Successful 
crystallization of SecYEG oligomers possibly 
requires phospholipids or a membranous 
environment. While phospholipids are lacking 
in the crystals of Sec61αβγ, 2-dimensional 
crystals of E. coli SecYEG dimers are formed in 
phospholipid bilayers [127,161]. In this thesis, 
the SecYEG complex was studied in its natural 
membrane environment, either in IMVs or in 
proteoliposomes. 
 
 
Concluding remarks 
 
 The bacterial translocase consists of the 
molecular motor SecA and the protein-
conducting channel SecYEG. Their role in the 
protein translocation process has been 
extensively studied and has led to the 
elucidation of many aspects regarding their 
function and structure, including the resolution 
of the crystal structure of SecA [88] and the 
homologous SecYEG complex from an 
archaeon [128]. However, several major 
questions are unsolved. For instance, what is the 
functional oligomeric state of SecYEG? If the 
monomeric state of SecYEG indeed represents 
the channel, what is the function of oligomeric 
states of the channel observed in many different 
studies? What is the docking site for SecA on 
SecYEG? How can ribosomes and SecA, as 
suggested by Zito and Oliver [8], bind to 
SecYEG simultaneously? Obtaining the 
structures of co-complexes of the protein-
conducting channel with SecA with and without 
a translocation intermediate that occupies the 
channel will help to solve several of these 
issues. High resolution structures of such 
intermediates could also resolve the 
discrepancies between the current SecYEG 
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structure and the biochemical cross-linking data. 
Such studies will also contribute to our 
understanding of the dynamics of the process, 
i.e., the interplay between the channel and SecA 
during the catalytic cycle. However, current 
imaging techniques can capture only distinct 
states of the protein-translocation machinery. To 
study the conformational and spatial dynamics 
of the protein-conducting channel, techniques 
such as cysteine directed cross-linking and 
FRET analysis as employed in this thesis will 
be highly useful. Moreover, these techniques 
allow the study of the protein-conducting 
channel in its native environment, which is the 
lipid membrane. Another major question is how 
the protein-conducting channel functions in the 
membrane insertion and assembly of membrane 
proteins that are predominantly SecA 
independent. Some insight in this process has 
been obtained in recent years, and a novel 
SecYEG associated protein YidC has been 
identified that can function both independently 
and together with the SecYEG complex in the 
insertion of proteins into the membrane [35,36]. 
However, the actual mechanism of membrane 
insertion and the possible differences in 
conformation, oligomeric state and dynamics of 
the channel from the protein export mechanism 
is still unknown. Related to this question, a 
better understanding of the interplay between 
the channel and its associating partners, such as 
the SecDFyajC complex, should be pursued.  
 These questions will be addressed not only 
by genetic, biochemical and molecular imaging 
methods, but also increasingly by means of 
biophysical approaches such as various 
spectroscopic techniques and surface plasmon 
resonance. These are valuable assets to the 
range of tools to study interactions and 
dynamics in membrane protein complexes in 
general and the protein-conducting channel in 
particular. 




